A series of Omega experiments have produced and characterized high velocity counter-streaming plasma flows relevant for the creation of collisionless shocks. Single and double CH2 foils have been irradiated with a laser intensity of ∼10 16 W/cm 2 . The laser ablated plasma was characterized 4 mm from the foil surface using Thomson scattering. A peak plasma flow velocity of 2,000 km/s, an electron temperature of ∼110 eV, an ion temperature of ∼30 eV, and a density of ∼10 18 cm −3 were measured in the single foil configuration. Significant increases in electron and ion temperatures were seen in the double foil geometry. The measured single foil plasma conditions were used to calculate the ion skin depth, c/ωpi ∼0.16 mm, the interaction length, int, of ∼8 mm, and the Coulomb mean free path, λ mf p ∼27 mm. With c/ωpi int < λ mf p we are in a regime where collisionless shock formation is possible.
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I. INTRODUCTION
Shocks in astrophysics are ubiquitous, occurring in supernovae, gamma ray bursts, and protostellar jets. In a broad range of low density astrophysical plasmas, the ion-ion collision mean free path is typically very large compared to the relevant spatial scales. Hence, when shocks form they are typically collisionless, resulting from plasma instabilities and self-generated magnetic fields [1, 2] . High power laser experiments can achieve the conditions necessary for the formation of collisionless shocks [3] , allowing laboratory studies of this unique plasma instability physics. Our experiments are aimed at probing the importance of the electromagnetic (Weibel) [4] and electrostatic instability formation in collisionless shocks.
To generate collisionless shocks in the laboratory [5, 6 ] a number of criteria must be fulfilled. The interaction must be collisionless; for our experimental geometry this can be expressed in terms of the Coulomb mean free path, λ mf p , between counter-streaming flows,
where A z is the ion mass in amu, Z is the average charge state, v is the velocity of each flowing plasma at the location of interest, and n z is the ion density of each flowing plasma stream. The Coulomb mean free path must be greater than the interaction length, int , which in turn must be greater than the width of the shock transition region ( * ). If these conditions are achieved collisionless shock formation is possible but by no means guaranteed.
The width of the shock transition region has been investigated for both electrostatic and electromagnetic instabilities [7, 8] . For the electrostatic case the width of the shock transition region is, *
where W (eV ) = 5.2 × 10 −13 A z [v(cm/s)] 2 is the kinetic energy per ion, ω pi is the ion plasma frequency, T e is the electron temperature and K (1) >> 1 is a numerical factor accounting for the number of growth lengths required for the instability to fully develop. Numerical simulations have estimated this factor to be K (1) = 30 for electrostatic shock formation [8] . In the case of electromagnetic instabilities the width of the transition region can be written, *
where c is the speed of light and K (2) is analogous to K (1) but determined for electromagnetic instabilities. Again, based on numerical simulations, K (2) = 100 [9] .
A pair of foils irradiated by high energy laser beams are used to generate high-velocity, counter-streaming plasma flows [10, 11] . Thomson scattering [12] [13] [14] is used to characterize the laser-produced [15, 16] plasma by fitting the measured data with the Thomson scattering dynamic structure factor, S(k, ω). Assuming Maxwellian velocity distributions, the dynamic structure factor is,
where ω is the frequency of the scattering wave, Z j is the charge state of ion species j, n e is the electron density, n j is the ion density of species j, = 1 + χ i + χ e , χ i and χ e are the ion and electron susceptibility respectively,
, f e and f j are the Maxwellian distributions for electrons and ion species j respectively, k = k s − k 0 , k o is the wave number of probe beam, and k s is the wave number of the scattered light. A sum of shifted Maxwellian ion velocity distributions for each species are used for the double foil configuration to account for the counter-streaming ion flows when calculating S(k, ω). The electrons are assumed to be a single Maxwellian for both configurations due to electronelectron mean free path of ∼ 20 µm or less for our conditions. The complete Thomson scattering spectrum, scattering from high frequency fluctuations (electron feature) and low frequency fluctuations (ion feature), is measured. The electron temperature and density, the ion temperature (T i ), and the plasma flow velocity are then determined with high accuracy by comparing the Thomson scattering cross section, calculated using Eq. 4, to the scattered spectra. Then using the measured plasma conditions the likelihood of collisionless shock formation is assessed.
II. EXPERIMENT A. Target Configuration
A single or pair of CH 2 foils are positioned 4 mm from the target chamber center (TCC) as shown in Figure 1 . Each foil is 2 mm in diameter and 0.5 mm in thickness. They are heated with 10, 351 nm, laser beams. Each beam delivers 500 J in a 1 ns square pulse. The beams use distributed phase plates to produce supergaussian focal spots with a supergaussian exponent of 4.3 and a diameter of ∼250 µm. This results in an overlapped laser intensity of ∼10 16 W/cm 2 . A 527 nm laser beam is used as a Thomson scattering probe. The probe beam is focused at TCC and has a 70 µm diameter focal spot and a pulse length of 1 ns. A total probe energy of 40 J was used. The Thomson scattered light is collected 116.8
• relative to the probe resulting in a probed k-vector normal to the target surface. A second target configuration, rotated by 90
• , is also used which results in a probed k-vector parallel to the target surface.
B. Thomson scattering diagnostic
The Thomson scattered light of the probe laser in the plasma is collected with an achromatic fused silica f/10 lens with a focal length of 50 cm. The optic is mounted at a distance of 50 cm from the plasma. The angle between the collection optic and the input port of the TS probe is 116.8
• . A fused silica blast shield is mounted before the collection optic. The collimated light is then transported by a series of turning mirrors to a 1-meter spectrometer and a 1/3-meter spectrometer located 3 meters from the target chamber. The 1-meter spectrometer is used to measure the ion feature and the 1/3-meter spectrometer measures the electron feature. A 50% reflectivity aluminum mirror, used to minimize wavelength sensitivity, splits the scattered signal between the two spectrometers. A 7.5 cm focusing mirror with a 75 cm focal length images the scattered light onto the entrance slit of the 1 m spectrometer with a magnification of 1.5:1. The spectrometer uses a 3600 lines/mm grating and a 200 µm entrance slit. A Hamamatsu 7700 streak camera using a 5 ns sweep window is coupled to the output of each spectrometer. A 7.5 cm focusing mirror with a 45 cm focal length images onto the entrance slit of the 1/3-meter spectrometer with a magnification of 0.9:1. The 1/3-meter spectrometer uses a 150 lines/mm grating and a 100 µm entrance slit. The Thomson scattering volume is defined by the overlap of both slit images, the streak camera slit and the spectrometer slit in the plasma (130µm×130µm for the 1-meter system and 110µm×110µm for the 1/3-meter system), with the probe beam (70µm diameter).
III. RESULTS Figure 2 shows the composite Thomson scattering data for a series of single foil measurements with different The experimental data from Figure 2 at 5.5 ns is compared to the Thomson scattering cross section (using Eq. 4) in Figures 3 and 4 . Combined electron and ion feature fitting results provide the plasma state parameters of v, n e , T e and T i . We estimate the errors on these parameters by studying the sensitivity to the fits: ±10% in v, ±15% in n e , ±15% in T e , and ±20% in T i . Figure 5 shows the Thomson scattering data from the double foil target configuration. The electron feature from the double foil configuration is shown in Figure 5 (a). Again the width of the electron feature is a measure of the electron temperature which is clearly higher than the temperature in the single foil configuration. The electron density has also increased relative to the single foil configuration as expected. The spectral shift of the ion feature [ Fig. 5 (a) ] is very similar to that of the single foil configuration early in time, but after 5 ns a smaller spectral shift is observed in the double foil data compared to the single flow data. This is a results of a decreasing plasma flow velocity for the counter-streaming flows configuration late in time. The observed ion feature spectra are also significantly broader than those of the single foil data. The increased width of the ion feature is a function of increasing ion temperature. The red-shifted feature is also visible in the double foil late in time. Early in time the spectral field of view prevents the measurement of both blue-shifted and red-shifted ion features simultaneously in the double foil configuration.
The double foil Thomson scattering measurements are compared to the Thomson scattering cross section in Figures 6 and 7 to determine plasma conditions and estimate the error in the measurements. Similar errors to the single foil data are found for the double foil data: ±10% in v, ±15% in n e , ±15% in T e , and ±20% in T i .
Thomson scattering measurements are also made with a k-vector parallel to the target surface, orthogonal to the k-vector used in the configurations shown in Figures  2 and 5 . The a composite image of the ion feature for this parallel k-vector is shown in Figure 8 (a). The ion feature is nearly centered around the incident probe wavelength of 527 nm, an indication that there is minimal plasma flow velocity along the match k-vector parallel to the target surface. This orthogonal k-vector allows an independent measurement of the ion temperature and an assessment of the ion temperature isotropy. The ion temperature measured with a k-vector perpendicular and parallel to the target surface is shown in Figure 8 (b) . There is no measurable difference between these ion temperatures.
The Thomson scattering form factor is fit to the measured spectrum to determine the plasma flow velocity, the electron density, the electron temperature and the ion temperature ( Figure 9) . A plasma flow velocity [ Fig.  9(a) 
FIG. 7: (
Color) The Thomson scattering cross section is fit to the measured Thomson scattering ion feature at 5.5 ns from a double foil target to determine the ion temperature and plasma flow velocity. The best fit to the experimental data (red line) is calculated using an electron temperature and density determined from the electron feature (880 eV and 1.1 × 10 19 cm −3 ), and ion temperature of 1000 eV and a plasma flow velocity of 8.3×10 7 cm/s. a) The ion temperature is increased to 1200 eV (green line) and decreased to 800 eV (blue line) to demonstrate the sensitivity of the fit. b) The plasma flow velocity is varied from 9.1 × 10 7 cm/s (green line) to 7.5 × 10 7 cm/s (blue line) as well.
resulting in a factor of three increase in electron density. The electron [ Fig. 9 (c)] and ion [ Fig. 9(d) ] temperatures are also measured. The electron temperature for the double foil configuration greatly exceeds the single foil temperature for all times. The single-foil electron temperature is largest early in time and decreases for the duration of the measurements consistent with expansion cooling. The double foil electron temperature shows a distinctly different evolution, with the electron temperature increasing to over 1 keV at 4 ns and then cooling. A similar trend is observed in the ion temperature measured from the double foil configuration. The ion temperature increase is slightly slower than the electron temperature increase until 3.5 ns at which point the ion temperature increases very rapidly to a temperature of 1.2 keV exceeding the maximum measured electron temperature.
Electron-ion collisions are investigated as a possible cause of rapid electron heating in the double foil configuration. By the time significant overlap of the counterstreaming plasmas begins, flow velocities are in the range of 10 8 cm/s. This is significantly lower than the electron thermal velocities at even a modest electron temperature of 100 eV. Therefore, we use a simple model of the electron-ion collisions where the electron scattering frequency is evaluated for the resting ions. The relative velocity of the electron gas and each of the ion streams leads to the appearance of the electron-ion drag force. velocity u are related by the following equation [17] ,
where ν
(1,2) ei are the collision frequencies between electron and ions of beams 1 and 2, which depend on the density and composition of the ion streams. We assume simple streams made of only carbon ions due to the Z 2 factors in the collision cross-sections which cause the carbon to dominant over the hydrogen. To maintain quasineutrality, n e = Z (n Z1 + n Z2 ), then the force acting on the electrons from beam 1 (2) is
and we assume the total force on the electrons is f 1 + f 2 = 0 due to symmetry. The presence of the friction forces leads to a slowing-down of the ions, a decrease in plasma flow velocity without a significant change in ion temperature, and heating of the electrons. The heating rate is
using Eq. (6) and f 1 + f 2 = 0, where η = m e (ν (1) ei + ν (2) ei )/(e 2 n e ). Limiting ourselves to evaluating the temperature at the mid-point of the system with symmetric plasma streams we use the following equation,
so that, according to Eq. (8),
where Q ∝ n 2 e T −3/2 e results in the right hand side of Eq. (9) being proportional to n −2/3 e which can be integrated from a certain instant of time t 0 to find the temperature at any subsequent time t. The result reads
where Λ e ≈ 10 is the Coulomb logarithm for the electronion collisions and the units are cm/s for velocities, keV for temperatures, and cm −3 for densities. The measured electron temperature from the double foil is compared to Eq. 10 in Figure 10 . The initial temperature and density are taken from the single foil measurements at the earliest measured time of 2.5 ns. The ion density for a single plasma stream is assumed to be n Z1 = n e1 /6. Equation (10) shows close agreement with the rapid increase in measured electron temperature from 2.5 ns until 4.0 ns. After 4.0 ns the measured electron temperature is lower than the temperature predicted using Eq. (10). The most likely cause of this discrepancy is electron thermal transport which has been ignored in the development of Eq. (10). This transport would tend to reduce the electron temperature as energy is conducted away from the central region between the targets.
The rapid increase in ion temperature in the double foil configuration is an outstanding question. The electroncarbon temperature equilibration time has been calculated for the plasma conditions of interest and is found to be greater than 10 ns for the duration of the experiment. The directed kinetic energy of each ion stream is very large due to flow velocities greater than 10 8 cm/s. A fraction of this directed kinetic energy is converted to electron and ion thermal energy and we are currently investigating the mechanisms involved. An assessment of ion heating by small-angle scattering, one possible ion heating mechanism, has been developed and is shown in detail in Appendix A. Equation (A14) is used with the plasma conditions from the single foil target to calculate the increase in ion temperature,
where 2L is the distance between the targets and the hydrogen and carbon ion temperatures are assumed to be equal. The ion temperature calculated using Equation 11 is compared to the measured ion temperature in Figure  11 . The measured ion temperature greatly exceeds the increase in ion temperature due to small-angle scattering for all times before 6 ns. Instabilities are being investigated as a possible source of this rapid ion heating. In Figure 12 the measured plasma conditions from Figure 9 are used to assess the likelihood of collisionless shock formation. The Coulomb mean free path is calculated using Eq. (1) and ranges from 10 meters at 2.5 ns to 3.5 cm at late time. The plasma interaction length, calculated using the single foil flow velocity and limited to the distance between the foils after 5 ns, is less than the Coulomb mean free path for all measured times. The widths of the shock transition regions are calculated using Eqs. (2) and (3) and, comparing these widths to the interaction length, it is clear that electromagnetic shocks are unlikely to develop due to a transition region that exceeds the total interaction length. An electrostatic instability, on the other hand, is possible and is one hypothesis for the rapid increase in ion temperature observed at 3.5 ns.
IV. CONCLUSIONS
In conclusion, we have produced and characterized high velocity counter-streaming plasma flows relevant for the creation of collisionless shocks. We have measured the plasma flow velocity, electron density, and the electron and ion temperatures with high accuracy 4 mm from the foil surface using Thomson scattering. For the measured conditions collisionless shock formation is possible but a fully formed shock is unlikely.
Future experiments are planned for the National Ignition Facility where greatly increased laser energies will allow larger densities and flow velocities to be sustained over a longer interaction distance for longer times. By increasing the flow velocity and density significantly it will be possible to generate fully formed electromagnetic collisionless shocks.
This Collisions between carbon (C) ions are considered as a source of ion heating. The corresponding collision frequencies are much higher than those for hydrogen-carbon (HC) and hydrogen-hydrogen (HH) due to the Z 4 factor in the cross-section for carbon-carbon collisions. The density and velocity of the carbon ion beam propagating to the right (left) will be denoted by n Z1 (n Z2 ) and v Z1 > 0 (v Z2 < 0). Where the axis between the two beams is x with x = 0 at the midpoint between the two sources. We use here a notation Z (not C) to generalize our discussion to ion beams other than carbon.
The ions in each stream are initially cold, but collisions between counter-propagating ion beams lead to some scattering, which gives rise to an increase in the ion temperature. Collisions between the ions within each stream are orders of magnitude faster as the energy of the relative ion motion for these intra-beam collisions is much smaller than the kinetic energy of each stream. Given that the ion temperatures are small, the scattering in the beam-beam collisions can be treated as though it occurred with the ions having no spread at all. Then, in the carbon-carbon collision integral describing the scattering of the beam moving in one direction on the particles of the opposite beam, the field-particle distribution can be replaced with the delta-function corresponding to the opposite beam velocity. Then, the velocity scatter for the ions moving to the right (v Z1 > 0) becomes (Eq. (6.8) in Ref. [18] ):
where
Λ ± is a Coulomb logarithm for the inter-beam collisions and m Z is the ion mass. As was mentioned above, the ion-ion collisions in each of the carbon beams are extremely fast, thereby maintaining a Maxwellian velocity distribution, this meaning that ∆v 2 = 3T 1 /m Z , where T 1 is the ion temperature of one plasma stream. In other words Eq. (A1) for the beam propagating in the positive direction can be represented as
For any parcel of the positive beam, Eq. (A3) allows one to find the temperature increase compared to an initial (very low) value. One would just have to substitute into Eq. (A3) the values of beam velocities and the density of the beam moving in the −x direction along the path of the chosen parcel. One cannot use these equation too close to the origin of either beam, as other processes (like the electron heating by the laser pulse and a variety of associated instabilities) may occur there. We now recall that each of the streams also contains hydrogen ions. The beam-beam collisions for them are weak, due to the smaller charge of hydrogen: if one substitutes into Eq. (A3) m p instead of m Z and replaces Z 4 by Z 2 (Z 2 for carbon and 1 2 for hydrogen) in Eq. (A2), one obtains a much weaker hydrogen heating due to hydrogen-carbon scattering. Hydrogen-hydrogen scattering is weaker still. On the other hand, the intra-beam CH collisions occur at a non-negligible rate and may lead to heating of the hydrogen ions (and cooling of the carbon ions). The energy transfer from carbon to hydrogen is described by equation (20.5) of Ref. [18] :
The numerical expression for τ T is:
where the temperatures are measured in keV, densities in cm −3 , and velocities in cm/s. If one wants to find the total ion thermal energy, one has from Eq. A5,
Λn Z2 |v Z1 − v Z2 | .
We now account for the ion cooling caused by the expansion of every parcel of the fluid in the ballistic flow, v r = r/t. One has
For an ideal monatomic gas, the cooling caused by the expansion is described by the following equation,
so that instead of Eq. (A7), we now write:
Λn Z2 |v Z1 − v Z2 | − 2 (T Z1 + 2T H1 ) t .
(A10) again with time measured in ns and temperature in keV.
The adiabatic cooling seems to be non-negligible. To account for it in a more quantitative fashion, we would have to integrate Eq. (A10) for a parcel of fluid that arrives at the observation point at some instance t 0 . The total density on axis would be n(x, t) = n Z1 (x, t) + n Z2 (x, t). Its positions prior to that having been x = L(t/t 0 − 1), and one can show that the density seen by the chosen parcel is, n Z1 (x, t) = 1 (2 − t/t 0 ) 2 n 1 (
where n 1 is the density of one plasma stream measured at the mid point. The velocity difference that also enters is
which yields the following differential equation for T:
(A13) where L is measured in cm, t in ns, n in cm 
